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NOMENCLATURE 

T i  - 

T r  

T' - 
X' - 

- Y '  

W' - 

H' - 

R a  - 

Nu - 

Hot p l a t e  su r face  temperature 

Cold p l a t e  su r face  temperature 

Fluid temper a t u r  e 

Horizontal  coordinate  measured from ho t  p l a t e  

Vertical coordinate  measured from bottom of enclosure 

Enclosure width 

Enclosure he igh t  

= (Th - Tr)B'W'3gA/a'v' 

= h'W'/k' Nussel t  Number 

Rayleigh Number 



INTRODUCTION 

The r e sea rch  e f f o r t s  during t h i s  r e p o r t  per iod were d i r e c t e d  

p r imar i ly  a t  two of t h e  o b j e c t i v e s  of t h i s  p r o j e c t .  

of a complete set  of d a t a  on the f i r s t  a spec t  r a t i o  of t h e  water 

test ce l l  c o n s t i t u t e d  t h e  f i r s t  e f f o r t .  The second e f f o r t  cons i s t ed  

of t h e  completion of t h e  design f o r  t h e  l i q u i d  n i t rogen  test cel l  and 

t h e  beginning of i t s  cons t ruc t ion .  

The production 

Since no information is  a v a i l a b l e  i n  t h e  t e c h n i c a l  l i t e r a t u r e  

concerning t h e  e f f e c t  of v i b r a t i o n  on n a t u r a l  convective h e a t  t r a n s f e r  

i n  enclosures ,  i t  was f e l t  imperat ive t o  o b t a i n  high q u a l i t y  da t a .  A 

complete set  of such d a t a  over a wide range of t h e  v a r i a b l e s  involved 

is necessary be fo re  f u r t h e r  progress  can b e  made toward improving t h e  

a n a l y t i c a l  s o l u t i o n  a l r eady  i n  hand. This r e p o r t  desc r ibes  t h e  e f f o r t s  

toward achieving a complete set of d a t a  and t h e  dec i s ions  involved 

concerning t h e  type of d a t a  t o  b e  recorded. 

The design of a l i q u i d  n i t rogen  test system, which w a s  begun a t  

t h e  start  of t h i s  r e p o r t  per iod,  has been completed. 

completion of t h e  design, cons t ruc t ion  of t h e  major component$ was 

begun and several of t h e s e  components have been constructed.  

Subsequent t o  

Information concerning t h e  two e f f o r t s  descr ibed above c o n s i s t s  

of t h e  p r e s e n t a t i o n  of a p a r t  of t h e  d a t a  which w a s  recorded from t h e  

water test system and a d e s c r i p t i o n  of t h e  major design a spec t s  of t h e  

l i q u i d  n i t rogen  test system. 

- 1 -  
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PROGRESS 

WATER TEST SYSTEM 

The accumulation of d a t a  using water as the test f l u i d  w a s  s t a r t e d  

a t  t h e  b.eginning of t h i s  r e p o r t  period. 

r o u t i n e  apparatus  and in s t rumen ta t ion  problems, a t o t a l  of 42 d a t a  

Subsequent t o  so lv ing  some 

p o i n t s  w a s  recorded. These d a t a  are considered t o  b e - t h e  primary 

information taken from t h e  system s i n c e  they show d i r e c t l y  t h e  e f f e c t  

of mechanical v i b r a t i o n  on convective h e a t  t r a n s f e r  i n  a n  enclosure.  

Also recorded during t h i s  r e p o r t  per iod were l a r g e  amounts of d a t a  

from t h e  t r a v e r s i n g  thermocouples and from the  flow v i s u a l i z a t i o n  

apparatus .  These t h r e e  areas w i l l  b e  discussed sepa ra t e ly .  

Heat Transfer  Resu l t s  

With t h e  test ce l l  as constructed and i n t e g r a t e d  i n t o  t h e  e l ec t ro -  

dynamic v i b r a t i o n  f a c i l i t y ,  the following ranges of v a r i a b l e s  were avail- 

able .  

Temperature Di f f e rence  Across t h e  C e l l  

Vibrat ion Frequency 

Accelerat ion Level 0 t o  110 g 

Oo t o  110' F. 

0 t o  4000 cps 

A q u a l i t a t i v e  a n a l y s i s  w a s  performed i n  order  t o  select a proce- 

It w a s  f i r s t  necessary t o  dec ide  whether dure f o r  accumulating da ta .  

t o  e s t a b l i s h  a thermal f i e l d  and then  impose a v i b r a t i o n  f i e l d  upon 

i t  o r  t o  e s t a b l i s h  t h e s e  f i e l d s  i n  t h e  reverse order .  I n  t h e  l i g h t  

of t h e  expected p r a c t i c a l  a p p l i c a t i o n s  f o r  t h e  information t o  b e  produced, 

- 2 -  
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it w a s  decided t o  f i r s t  e s t a b l i s h  a thermal f i e l d  i n  t h e  test system 

and then t o  impose d i f f e r e n t  v i b r a t i o n a l  stresses on t h e  cell .  

t h i s  d e c i s i o n ,  i t  w a s  necessary t o  e s t a b l i s h  a procedure f o r  recording 

t h e  da t a .  

Following 

Out of a n  almost i n f i n i t e  number of combinations, t h e  following 

was s e l e c t e d .  A chosen temperature d i f f e r e n c e  w a s  e s t ab l i shed  ac ross  

t h e  test cell. 

isothermal  cond i t ions  were e s t a b l i s h e d  on t h e  h o t  p l a t e .  

done under a no v i b r a t i o n  condi t ion.  

power i n p u t  t o  t h e  h e a t e r s  were recorded i n  order  t o  determine t h e  c e l l  

h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  

This r equ i r ed  balancing of electrical h e a t e r s  u n t i l  

This w a s  

A t  t h i s  p o i n t  temperatures and 

The shaker was then energized and brought t o  a p rese l ec t ed  frequency. 

A t  t h i s  frequency t h e  amplitude w a s  adjusted t o  achieve a maximum acceler- 

a t i o n  level w i t h i n  t h e  c a p a b i l i t y  of t h e  apparatus .  The system parameters 

were then monitored u n t i l  equi l ibr ium had been achieved. 

made t o  r e a d j u s t  t h e  temperature of t h e  h o t  p l a t e  t o  i t s  i n i t i a l  va lue  

b u t  t h e  v a r i a t i o n  of temperature over t h e  h e i g h t  of t h e  h o t  p l a t e  and 

cold p l a t e  w a s  recorded. It w a s  f e l t  t h a t  t h i s  procedure would produce 

more u s e f u l  r e s u l t s  f o r  immediate app l i ca t ion .  

No e f f o r t  w a s  

The above procedure w a s  followed f o r  temperature d i f f e r e n c e s  of 

20, 40, 60, 80 and 100 degrees Farenhei t  and f o r  v i b r a t i o n a l  f requencies  

of 20, 80, 320, 1280 and 4000 cyc le s  p e r  second. Subsequent t o  t h e  

recording of t h e  above d a t a ,  another series of tests w a s  r u n  a t  constant  

enclosure v e l o c i t i e s .  

A s tudy of t h e  t e c h n i c a l  l i t e r a t u r e  a v a i l a b l e  i n  t h i s  area i n d i c a t e s  

t h a t  average s u r f a c e  v e l o c i t y  provides t h e  most s a t i s f a c t o r y  v a r i a b l e  

- 3 -  



w i t h  which t o  c o r r e l a t e  t h e  h e a t  t r a n s f e r  d a t a  i n  a v i b r a t i n g  system. 

On t h e  b a s i s  of t h i s ,  a n  enclosure v e l o c i t y  w a s  s e l e c t e d  which could 

be reached over t h e  e n t i r e  range of f requencies  a v a i l a b l e .  The enclo- 

s u r e  v e l o c i t y  i s  def ined as t h e  product of t h e  amplitude and frequency 

of v i b r a t i o n .  The v e l o c i t y  s e l e c t e d  w a s  1.70 inches per  second. 

This second series of tests w a s  run  wi th  t h e  same procedure as 

t h e  f i r s t  except t h a t  a t  each frequency t h e  amplitude w a s  s e l e c t e d  t o  

produce a n  enclosure v e l o c i t y  of 1.70 inches pe r  second r a t h e r  t han  

a maximum acce le ra t ion .  

A d i g i t a l  computer program was writ ten t o  convert  t h e  r a w  d a t a  

i n t o  t h e  dimensionless parameters Nusselt  number and Rayleigh number. 

Since s tudy and a n a l y s i s  of t h e  d a t a  recorded i s  incomplete, only 

a p o r t i o n  of t h e  d a t a  w i l l  be  presented here.  

t h e  r e s u l t s  of t h e  second series of tests taken a t  constant  enclosure 

ve loc i ty .  

Rayleigh number a t  cons t an t  enclosure v e l o c i t y  wi th  t h e  frequency and 

a c c e l e r a t i o n  levels r equ i r ed  t o  produce t h i s  v e l o c i t y  ind ica t ed  on each 

curve. The gene ra l  t rend of t h e  d a t a  shown f n  these  f i g u r e s  i s  t o  indi-  

c a t e ,  as might b e  expected, t h a t  t he  v i b r a t i o n  inc reases  t h e  h e a t  f l ux .  

A maximum increase of approximately 30% w a s  found a t  a frequency of 1280 

Figures 1 through 5 show 

This d a t a  is presented i n  t h e  form of Nussel t  number versus  

cyc le s  pe r  second and 36 g’s.  

The f i r s t  set of d a t a  accumulated under t h e  procedure descr ibed 

above i s  presented h e r e  i n  Figure 6 .  This information w i l l  be  discussed 

i n  the following Quarter ly  Report a f t e r  s u f f i c i e n t  a n a l y s i s  has  been 

performed e 

- 4 -  
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Temperature P r o f i l e s  

I n  a n  at tempt  t o  determine t h e  d e t a i l e d  c h a r a c t e r i s t i c s  of t h e  

thermal f i e l d  w i t h i n  t h e  enclosure,  temperature p r o f i l e s  were recorded 

as descr ibed below. The cel l  w a s  instrumented wi th  seven small, b u t t -  

welded thermocouples suspended ac ross  i t s  width a t  evenly spaced ver t ical  

i n t e r v a l s .  These thermocouples could b e  moved l o n g i t u d i n a l l y  thus p l ac ing  

t h e  thermocouple j u n c t i o n  a t  any d e s i r e d  h o r i z o n t a l  pos i t i on .  

thermocouples were loca ted  i n  a vertical p l ane  a t  t h e  midpoint of t h e  

depth of t h e  ce l l  i n  o rde r  t o  avoid end e f f e c t s .  

These 

The procedure f o r  d a t a  c o l l e c t i o n  with t h e s e  thermocouples w a s  

as follows. The width of t h e  ce l l  w a s  a r b i t r a r i l y  broken up i n t o  t en ths .  

Each thermocouple j u n c t i o n  w a s  posi t ioned by v i s u a l  alignment with two 

v e r t i c a l  r e fe rence  l i n e s  on e i t h e r  end of t h e  cel l .  Temperatures were 

recorded a t  each of t h e  1/10 increments ac ross  t h e  ce l l  and, i n  add i t ion ,  

a t  t h e  0.05 p o s i t i o n s  near t h e  w a l l s .  Thus, a t o t a l  of e leven tempera- 

t u r e s  were recorded by each thermocouple ac ross  t h e  width of t h e  ce l l .  

These eleven temperatures combined with t h e  readout of t h e  thermocouples 

embedded i n  t h e  s u r f a c e s  of t h e  h o t  and t h e  cold p l a t e s  y i e lded  tempera- 

t u r e  p r o f i l e s  a c r o s s  t h e  width of t h e  ce l l  which are presented i n  Figures  

7 through 11, A t  each cond i t ion  of temperature d i f f e r e n c e  and v i b r a t i o n a l  

stress, a temperature p r o f i l e  w a s  recorded. This involved l o c a t i n g  each 

of t h e  seven thermocouple junc t ions  s e q u e n t i a l l y  a t  each of t h e  eleven 

t r a n s f e r  p o s i t i o n s .  This y i e lded  22 temperature recordings a t  each of 

42 cel l  test condi t ions f o r  a t o t a l  of 924 recorded temperatures. 

The temperature p r o f i l e s  are presented i n  dimensionless form i n  

Figures 7 through 11 f o r  one of t h e  ce l l  temperature d i f f e r e n c e s  recorded, 

- 5 -  
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t h a t  of 20° F. 

o t h e r  four  AT'S b u t  are n o t  presented h e r e  f o r  reasons of economy. 

Similar  temperature p r o f i l e s  have been drawn f o r  t h e  

I n  order  t o  make temperature dimensionless,  t h e  same scheme w a s  

s e l e c t e d  t h a t  had been used i n  t h e  a n a l y t i c a l  approach. 

t u r e  traverses shown were r o u t i n e l y  checked f o r  r e p r o d u c i b i l i t y  and 

e x c e l l e n t  r e s u l t s  were ind ica t ed  i n  a l l  cases. 

menon developed which should be  noted. When t h e  thermocouple junc t ions  

were placed a t  t h e  s t a t i o n s  i n  c l o s e s t  proximity t o  the  walls, p e r i o d i c  

temperature f l u c t u a t i o n s  were not iced.  These f l u c t u a t i o n s  began a t  a 

p o s i t i o n  about 113 of t h e  he igh t  from t h e  bottom of t h e  ce l l  and increased 

i n  i n t e n s i t y  toward t h e  top of t h e  cell.  These f l u c t u a t i o n s  could be  

c o r r e l a t e d  v i s u a l l y  with a "wavinesst' of t h e  boundary l a y e r  along t h e  

ho t  and cold p l a t e s .  These f l u c t u a t i o n s  are apparent ly  a s soc ia t ed  with 

t h e  t r a v e l i n g  waves which precede t r a n s i t i o n  from laminar t o  t u r b u l e n t  

boundary l a y e r  c h a r a c t e r i s t i c s .  An at tempt  w a s  made t o  instrument these  

thermocouples wi th  s t r i p  c h a r t  r eco rde r s  i n  order  t o  determine frequency 

d i s t r i b u t i o n s .  It was soon discovered, however, t h a t  ex tens ive  s h i e l d i n g  

would b e  necessary i n  order  t o  s a t i s f a c t o r i l y  record t h e s e  f l u c t u a t i o n s  

and t h e  e f f o r t  w a s  dropped as i t  w a s  considered t o  b e  of p e r i p h e r a l  

i n t e r e s t .  

The tempera- 

One i n t e r e s t i n g  pheno- 

The following s e c t i o n  w i l l  de sc r ibe  t h e  apparatus  used and r e s u l t s  

obtained from t h e  flow v i s u a l i z a t i o n  study. A s  a p a r t  of t h i s  s tudy i t  

w a s  not iced t h a t  t h e r e  w e r e  apparent three-dimensional e f f e c t s  i n  the  

flow i n  t h e  neighborhood of t h e  t r a v e r s i n g  thermocouples. There appeared 

t o  b e  a v a r i e t y  of t h e s e  three-dimensional flow p a t t e r n s  and no consistency 

could b e  detected.  A s  a r e s u l t  of t h i s  observat ion,  i t  was suspected 

- 6 -  
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t h a t  t h e  t r ave r s ing  thermocouples were v i b r a t i n g  under t h e  v i b r a t i o n a l  

stress appl ied  t o  the ce l l  thus producing a s t i r r i n g  ac t ion .  

of t h i s  suspicion,  t h e  t r ave r s ing  thermocouples were removed and two 

r e p r o d u c i b i l i t y  runs  were attempted. 

the  r e s u l t s .  

As a r e s u l t  

The following t a b l e  i n d i c a t e s  

Traversing 
Th ermo coup l e  s 
I n s t a l l e d  

Traversing 
Thermocouples 
Removed 

No Vibrat ion:  Nu = 14.16 Nu = 14.61 
R a  = 3.7 x l o 7  R a  = 3.61 x l o 7  

4000 cps: Nu = 14.72 Nu = 15.2 
110 g R a  = 3.46 x l o 7  R a  = 3.4 x l o 7  

Table 1. Effec t  of Traversing 
Thermocouples on C e l l  
Heat Flux. 

A t  t h e  v ib ra to ry  condi t ions  shown, t h e  e f f e c t  of t h e  t r ave r s ing  thermo- 

couple appears t o  be  neg l ig ib l e .  It is  a n t i c i p a t e d ,  however, t h a t  t h i s  

e f f e c t  could be  q u i t e  s i g n i f i c a n t  a t  t h e  n a t u r a l  mode of v i b r a t i o n  of 

t h e  suspended thermocouple. 

l i n e s  i n  a n  at tempt  t o  determine t h e  e f f e c t  of t h e  t r ave r s ing  thermo- 

couples over t h e  e n t i r e  range of v a r i a b l e s  e 

Further d a t a  w i l l  be  taken along these  

The dimensionless temperature p r o f i l e s  presented i n  Figures  7 through 

11 show some i n t e r e s t i n g  c h a r a c t e r i s t i c s .  

i n t e rp re t ed  i n  t h e  l i g h t  of t h e  flow p a t t e r n s  which develop wi th in  the  

These c h a r a c t e r i s t i c s  must be  
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cell. Further  d i scuss ion  of t h i s  p o i n t  w i l l  b e  provided i n  t h e  next  

Quarter ly  Report a f t e r  a l l  t h e  d a t a  have been analyzed. 

Flow V i s u a l i z a t i o n  - 

A s  descr ibed i n  previous r e p o r t s ,  t h e  method s e l e c t e d  f o r  flow v i sua l -  

These s m a l l  hollow g l a s s  i z a t i o n  makes use of n e u t r a l l y  bouyant p a r t i c l e s .  

spheres  fol low stream l i n e s  with g r e a t  i n t e g r i t y  and, as w e l l ,  provide 

e x c e l l e n t  r e f l e c t i o n  of l i g h t  f o r  photographic recording of t h e i r  paths .  

An ex tens ive  series of prel iminary tests was conducted i n  a n  e f f o r t  

t o  determine t h e  c h a r a c t e r i s t i c s  of t h e s e  s m a l l  p a r t i c l e s .  A s  received 

from t h e  manufacturer (Emerson and Cuming, Inc.)  t h e s e  eccospheres range 

i n  s i z e  from 0.0017 t o  0.0059 inches.  A t y p i c a l  sample when placed i n  

motionless water e x h i b i t s  t h e  c h a r a c t e r i s t i c  of s e t t l i n g  of some of t h e  

nonuniform p a r t i c l e s  and ascension of t h e  l a r g e r  p a r t i c l e s .  It w a s  found 

t h a t  t h e  smallest p a r t i c l e  s i z e s  remained n e u t r a l l y  bouyant. 

were then graded by screening i n t o  f i v e  ca t egor i e s :  0.0017 t o  0.0021, 0.8021 

t o  0.0029, 0.0029 t o  0.0041, 0.0041 t o  0.0059 and g r e a t e r  than 0.0059. 

S i m i l a r  tests on t h e s e  ca t egor i e s  i nd ica t ed  t h a t  t h e  previous conclusion 

w a s  v a l i d ,  t h a t  is ,  t h a t  t h e  smallest p a r t i c l e s  were t h e  most n e u t r a l l y  

bouyant, A microscopic i n v e s t i g a t i o n  of t he  s i z e  d i s t r i b u t i o n  and q u a l i t y  

of t h e s e  eccospheres w a s  c a r r i e d  ou t .  

The p a r t i c l e s  

Motion of t h e s e  p a r t i c l e s  w a s  recorded i n  t h e  following manner. A 

col l imated l i g h t  beam wi th  a width of approximately 1 / 4  of an inch w a s  

p ro j ec t ed  v e r t i c a l l y  through t h e  t e s t  ce l l  from above. 

a h o r i z o n t a l  pos i t i on ,  motion of t h e s e  p a r t i c l e s  w a s  v i s i b l e  i n  t h i s  plane 

When viewed from 

of l i g h t .  Records of p a r t i c l e  motion were made wi th  t h e  use  of a 4" x 5" 
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Speed Graphic camera. 

Another series of prel iminary experiments w a s  conducted i n  t h e  ce l l  

t o  determine t h e  optimum d e n s i t y  of p a r t i c l e s .  

is  no t  a s i n g l e  d e n s i t y  which w i l l  serve f o r  a l l  condi t ions of i l l umina t ioq  

and v i b r a t i o n .  I n  most cases, however, i t  w a s  found b e t t e r  t o  err on t h e  

s i d e  of too few p a r t i c l e s  r a t h e r  than too many. 

It w a s  found t h a t  t h e r e  

A s  a gene ra l  r u l e ,  d e n s i t y  

of approximately 1/100 of a gram p e r  g a l l o n  w a s  found t o  be  s u f f i c i e n t .  

The flow v i s u a l i z a t i o n  techniques were divided i n t o  two e f f o r t s .  

The f i r s t  w a s  t o  o b t a i n  uninterrupted photographs of t h e  p a r t i c l e s  which 

produced f low paths  and y i e lded  gerieral information concerning t h e  p a t t e r n s  

formed i n  t h e  cell .  The second e f f o r t  attempted t o  use a r e p e t i t i v e l y  

i n t e r r u p t e d  view technique i n  order  t o  produce traces on t h e  photographic 

p l a t e  which appeared as dashed o r  do t t ed  l i n e s .  

of i n t e r r u p t i o n  and measurement of t h e  d i s t a n c e s  covered by t h e  p a r t i c l e s  

i n  terms of t h e  qumber of dashes would then y i e l d  q u a n t i t a t i v e  information 

on v e l o c i t i e s .  Seve ra l  modif icat ions of t h i s  technique were attempted. 

It w a s  found t h a t  due t o  t h e  complexity of t h e  flow p a t t e r n s ,  information 

Knowledge of t h e  frequency 

w a s  needed on t h e  d i r e c t i o n  of travel of each p a r t i c l e .  This information 

w a s  made v i s i b l e  on photographic p l a t e s  by using a s l o t t e d  wheel r o t a t i n g  

i n  f r o n t  of t h e  camera l ens .  

graphic  p l a t e  appear as dashes,  s l o t s  of uniform c ross  s e c t i o n  w e r e  used. 

An at tempt  w a s  made t o  use  s l o t s  of v a r i a b l e  c ros s  s e c t i o n  which would 

produce dashes on t h e  photographic p l a t e s  which were l a r g e r  on one end 

than on t h e  o the r .  I n  t h i s  manner each dash would appear as a vec to r  

and p a r t i c l e  d i r e c t i o n s ,  as w e l l  as speeds,  could be  d e t e r m i d  by i n t e r -  

To make t h e  p a r t i c l e  images on t h e  photo- 

p r e t a t i o n  of t h e  photographic p l a t e s .  A sketch of t h e  view i n t e r r u p t i o n  
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wheel is  shown i n  Figure 15. 

t h a t  t h e  p o r t i o n  of t h e  s l o t  with a small area produced a pa ra l ax  problem. 

An a l t e r n a t e  method using a t r a n s l u c e n t  material over a p o r t i o n  of each 

s l o t  w a s  t e s t e d .  This technique improved r e s u l t s  s i g n i f i c a n t l y .  

A d i f f i c u l t y  w a s  encountered, however, i n  

A t o t a l  of more than  125 photographic p l a t e s  were exposed during 

t h i s  r e p o r t  period. 

12, 1 3  and 14. 

photograph technique. 

when using a r o t a t i n g  s l o t t e d  wheel f o r  l i g h t  i n t e r r u p t i o n ,  

a view of t h e ’ e n t i r e  c e l l  u t i l i z i n g  t h e  s t r e a k  technique. 

d i scuss ion  of t h e s e  f i g u r e s  i s  given i n  Appendix I. 

Three samples of t h e s e  p l a t e s  are a t t ached  as Figures 

Figure 1 2  shows t h e  upper h a l f  of t h e  c e l l  using t h e  s t r e a k  

Figure 13 i s  a n  example of t h e  dashed images produced 

Figure 14 is  

A d e s c r i p t i v e  

It has  been found extremely d i f f i c u l t  t o  i n t e r p r e t  t h e  r e s u l t s  pro- 

The reasons duced by t h e  flow v i s u a l i z a t i o n  techniques described above. 

f o r  t h i s  d i f f i c u l t y  are manifold and only t h e  primary reasons w i l l  be  

discussed here .  

The technique of image production with uninterrupted l i g h t  producing 

s t r e a k  photographs is  s a t i s f a c t o r y  f o r  a g ross  q u a l i t a t i v e  i n t e r p r e t a t i o n  

of flow p a t t e r n s .  I n  o rde r  t o  extract q u a n t i t a t i v e  information on d i r ec -  

t i o n  and magnitude of t h e  flow a t  any p o i n t  w i t h i n  t h e  cell ,  i t  appears 

necessary t o  use t h e  i n t e r r u p t i o n  technique descr ibed above. It has been 

found d i f f i c u l t ,  i f  no t  impossible,  t o  e x t r a c t  c o n s i s t e n t  d a t a  from these  

photographic p l a t e s .  

dimensional flow which occurs over po r t ions  of t h e  cell.  

a s i n g l e  p a r t i c l e  w i l l  n o t  always remain i n  t h e  p l ane  of l i g h t  f o r  a period 

of t i m e  s u f f i c i e n t  t o  make q u a n t i t a t i v e  measurements. 

t h r e e  reasons f o r  t h i s  three-dimensionality i n  t h e  flow f i e l d .  

The primary reason f o r  t h i s  i s  t h e  apparent  three- 

That i s  t o  say ,  

There appear t o  be  
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The f i r s t  of t h e s e  are t h e  l a r g e  t r a n s v e r s e  v i b r a t i o n s  induced i n  

These t r a n s v e r s e  v i b r a t i o n s  have been discussed i n  previous t h e  cel l .  

r e p o r t s  and have been r e c e n t l y  measured f o r  t h e  ce l l  under study. This 

information is presented i n  Figure 16 which shows the r a t i o  of t h e  accel- 

e r a t i o n  level a t  a p a r t i c u l a r  p o i n t  on t h e  ce l l  t o  t h e  a c c e l e r a t i o n  level 

of t h e  shaker t a b l e .  It is  obvious from t h i s  f i g u r e  t h a t  a c c e l e r a t i o n s  

of s u f f i c i e n t  magnitude e x i s t  i n  t r ansve r se  d i r e c t i o n s  t o  produce three- 

dimensional flows and o the r  flow dis turbances l o c a l l y  throughout t h e  cell .  

The second f a c t o r  producing three-dimensional flow p a t t e r n s  i s  t h e  

e x i s t a n c e  of bubble coalescence areas w i t h i n  t h e  cell .  Extreme care has  

been used i n  an at tempt  t o  avoid formation of bubble coalescence areas. 

These inc lude  t h e  use of d i s t i l l e d  and degased water and t h e  use of g r e a t  

care t o  i n s u r e  complete f i l l i n g  of t he  cell.  

however, t o  completely e l imina te  t h e s e  areas of bubble coalescence and 

they appear t o  have a s i g n i f i c a n t  e f f e c t  on t h e  flow f i e l d  as w e l l  as t h e  

thermal f i e l d  . 

It has  been found impossible,  

The t h i r d  reason f o r  three-dimensional flow w i t h i n  t h e  c e l l  i s  t h e  

apparent  s t i r r i n g  motion produced by t h e  t r a v e r s i n g  thermocouples as d i s -  

cussed previously.  Due t o  t h i s  e f f e c t ,  and t h e  l i m i t e d  value of t h e  temp- 

e r a t u r e  p r o f i l e s ,  i t  has  been decided t o  e l i m i n a t e  t h e i r  u se  i n  subsequent 

runs except i n  those  cases where s p e c i f i c a l l y  j u s t i f i e d .  

One e f f e c t  of t h e  bubble coalescence phenomenon, which should b e  

mentioned a t  t h i s  p o i n t ,  i s  t o  des t roy  t h e  isothermal  cond i t ion  on the 

h o t  p l a t e .  

state. Af t e r  t h e  onse t  of v i b r a t o r y  motion, and i n  t h e  absence of bubble 

coalescence areas, t h e  i so the rma l i ty  of t h e  p l a t e  never changes more than 

The h o t  p l a t e  is adjusted t o  be  isothermal  under a nonvibratory 
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2' F. from top t o  bottom. However, i t  has  been found t h a t  when i n t e n s e  

areas of bubble coalescence e x i s t  t h a t  a v a r i a t i o n  of t h e  temperature of 

t h e  hot  p l a t e  of as much as 10' w i l l  occur from top t o  bottom. 

I n  view of t h e  l imi ted  success  of t h e  photographic technique involving 

in t e r rup ted  l i g h t  beams, i t  has  been decided t o  attempt flow v i s u a l i z a t i o n  

with n e u t r a l l y  bouyant p a r t i c l e s  through t h e  use of motion p i c t u r e  photo- 

graphy. The v e r s a t i l i t y  of t h i s  method of flow v i s u a l i z a t i o n  i s  attrac- 

tive. It is  a n t i c i p a t e d  t h a t  both q u a l i t a t i v e  and q u a n t i t a t i v e  information 

can be  produced from a s i n g l e  exposure. 

L I Q U I D  NITROGEN TEST SYSTEM 

Construct ion of t h e  LN2 experimental  system has begun, with des ign  

of a u x i l i a r y  equipment being f i n a l i z e d  as cons t ruc t ion  proceeds. Construc- 

t i o n  materials have been s e l e c t e d  which are compatible with a l i q u i d  n i t r o -  

gen environment. I n  cases where des ign  information w a s  lacking,  s e v e r a l  

materials were t e s t e d  by repeated immersing of t h e  material i n  LN2. A l l  

cons t ruc t ion  materials have been s e l e c t e d  and are e i t h e r  on hand o r  have 

been ordered. 

A drawing of t h e  test  u n i t  i s  shown i n  Figure 17.  Construct ion of 

t h e  outer  c y l i n d r i c a l  tank has been completed except f o r  t he  l o c a t i o n  of 

t h e  LN2 f i l l  l i n e s  and t h e  l i n e s  t o  ca r ry  electrical and thermocouple leads .  

The tank w a s  constructed from 6061 aluminum t o  f a c i l i t a t e  r o l l i n g  and 

welding. 

t o  t h e  shaker frame. This method of mounting in su res  t h a t  t h e r e  w i l l  b e  

no r e l a t i v e  motion between the  tank and t h e  shaker yoke. 

The tank is  supported by a channel-iron framework which is  bol ted  

The tank is  
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a t tached  t o  t h e  channel framework using four  s t a i n l e s s  steel rods  i n  

order  t o  minimize conduction l o s s e s  through t h e  tank support .  

top and s i d e  w a l l s  w i l l  b e  in su la t ed  wi th  a 5 inch  l aye r  of CPR 314-2 

foam-in-place urethane foam. 

of foam insu la t ion .  

The tank 

The tank bottom w i l l  have a 2 inch l aye r  

Eight  stainless steel  rods t ransmit  t h e  motion from t h e  shaker t a b l e  

The tank i s  sea led  by s t a i n -  t o  t h e  aluminum base  p l a t e  i n s i d e  t h e  tank. 

less steel bellows a t tached  t o  t h e  tank and t h e  base  p l a t e  as shown i n  

Figure 18. 

s t a i n l e s s  steQ1 b o l t s .  

assembly a t  a l l  po in t s  where leaks  might occur. 

The h e a t  t r a n s f e r  cel l  w i l l  be  bo l t ed  t o  t h e  base  p l a t e  using 

S i l i c o n  O-rings w i l l  be  used t o  seal the  bellows 

The pressure  i n  t h e  LN2 tank w i l l  be  maintained a t  approximately 

2 p s i a  by a 105 cubic  f e e t  per minute mechanical vacuum pump which has  

been loca ted  i n  the  v i c i n i t y  of t h e  v i b r a t i o n s  labora tory .  

The h e a t  t r a n s f e r  cel l  w i l l  be  similar t o  the  wa te r - f i l l ed  test  ce l l  

which i s  p resen t ly  being t e s t e d ,  bu t  i t  w i l l  be  smaller. 

ce l l  dimensions are 13" high, 10" wide and 6" deep; t h e  e l e c t r i c a l l y  

heated p l a t e  being 10" high and 7.1" wide. 

by electric h e a t e r s  with a phenolic spacer  p l a t e  loca ted  between t h e  guard 

hea te r s  and t h e  ho t  p l a t e .  

w i l l  be  cooled by contac t  with t h e  LN2 b o i l i n g  i n  t h e  c y l i n d r i c a l  tank 

a t  2 ps ia .  

Overa l l  test 

The ho t  p l a t e  w i l l  be guarded 

The cold p l a t e  w i l l  be  made of aluminum and 

Copper-constantan thermocouples w i l l  be  used t o  measure ho t  

and cold p l a t e  temperatures as w e l l  as t h e  temperatures on both s i d e s  

of t h e  phenol ic  guard p l a t e .  The test ce l l  has  been designed s o  t h a t  

e l e c t r i c a l  con t r6 l s  and thermocouple readout equipment p re sen t ly  being 

used i n  t h e  wa te r - f i l l ed  test ce l l  may be  used gn t h e  LN, c e l l .  
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Aspect r a t i o s  f o r  t h e  LN2 c e l l  w i l l  be i d e n t i c a l  t o  those used on 

the  wa te r - f i l l ed  c e l l  (aspect  r a t i o s :  9.3, 15.8 and 31.0). 

It i s  expected t h a t  cons t ruc t ion  w i l l  be  completed and prel iminary 

t e s t i n g  w i l l  be qqderway a t  t h e  end of t h e  next  qua r t e r ly  r epor t ing  period. 
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PROGRESS EXPECTED DURING 
THE NEXT REPORT PERIOD 

The progress  expected during t h e  next r e p o r t  pe r iod  w i l l  b e  i n  t h r e e  

areas of a c t i v i t y .  

The f i r s t  of t h e s e  areas w i l l  be a con t inua t ion  of t h e  t e s t i n g  of 

t h e  water cel l  wi th  a new aspec t  r a t i o .  Associated with t h i s  w i l l  b e  

an a n a l y s i s  of t h e  d a t a  p r e s e n t l y  a v a i l a b l e  as w e l l  as t h a t  produced 

from succeeding tests. Flow v i s u a l i z a t i o n  u t i l i z i n g  motion p i c t u r e  photo- 

graphy w i l l  a l s o  b e  attempted during t h i s  per iod.  

It is expected t h a t  t h e  cons t ruc t ion  of t h e  l i q u i d  n i t rogen  test 

system w i l l  b e  completed during t h e  next r e p o r t  per iod.  

of t h i s  system w i l l  a l s o  b e  begun. 

Instrumentat ion 

A renewal of t h e  a n a l y t i c a l  p o r t i o n  of t h i s  p r o j e c t  w i l l  c o n s t i t u t e  

t h e  t h i r d  area of a c t i v i t y  i n  which progress  i s  expected during t h e  next 

r e p o r t  per iod.  The previous a n a l y t i c a l  a n a l y s i s  w i l l  be  viewed i n  t h e  

l i g h t  of t h e  d a t a  now on hand, e s p e c i a l l y  t h e  assumption of bulk l i q u i d  

motion, and a n  at tempt  t o  improve t h i s  a n a l y s i s  w i l l  be  made. 
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Figure 7. Dimensionless Temperature P r o f i l e s :  No Vibra t ion  
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Figure 8. Dimensionless Temperature P r o f i l e s :  
Enclo'sure Vibra t ion  4000 cps 25 g 
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Figure 9. Dimensionless Temperature Profiles: 
Enclosure Vibration 1280 cps 25 g 
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Figure  10. Dimensionless Temperature P r o f i l e s :  
Enclosure Vibra t ion  320 cps 9 g 
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Figure 12 .  Flow Patterns - Streak Method 
(see Appendix) 



Figure 13. Flow P a t t e r n s  - V i e w  I n t e r r u p t i o n  Method 
( see  Appendix) 



Figure 14. Flow P a t t e r n s  - E n t i r e  C e l l  
(see Appendix) 
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Figure 15. Flow Visualization View 
Interruption Wheel. 
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Figure  17 .  Liquid Nitrogen Test System 



Figure  18. B e l l o w s  Mounting Detai l  
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APPENTlIX I 

Discussion of Representative 
Flow Visualization Photographs 
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Figure 12 w a s  made during v i b r a t i o n  @ 1000 cyc le s  pe r  second and 25 g. 

AT = 37' F. The photograph i s  a two second t i m e  exposure which allowed 

t h e  moving p a r t i c l e s  t o  cause wh i t e  s t r e a k s  along t h e i r  pa th  l i n e s  thereby 

r evea l ing  t h e  flow p a t t e r n s .  

t h e  upper r i g h t  corner and its e f f e c t  on t h e  flow is  noted. 

A bubble coalescence area is  apparent i n  

Figure 13 w a s  made under a no v i b r a t i o n  condi t ion.  The s e p a r a t e  "dots" 

were produced by r o t a t i n g  a s l o t t e d  wheel placed between t h e  camera and 

t h e  test cell .  This produced a series of d o t s  which follow t h e  pa th  of 

t h e  moving p a r t i c l e s .  P a r t i c l e s  moving i n  t h e  r e l a t i v e l y  high v e l o c i t y  

boundary area immediately adjacent  t o  t h e  h o t  and cold p l a t e s  appear as 

b l u r r e d  s t r e a k s  due t o  t h e i r  high v e l o c i t y  re la t ive t o  p a r t i c l e s  o u t s i d e  

t h e s e  areas. P a r t i c l e s  may be  observed as they e n t e r  t h e  cold p l a t e  

boundary r eg ion  i n  which case t h e  "dots" become spaced f a r t h e r  and f a r t h e r  

from one another and a l s o  become b lu r red  as the  p a r t i c l e s  g a i n  speed 

upon en te r ing  t h e  high v e l o c i t y  region.  

which i n  t h i s  p i c t u r e  are "1.122 seconds" a p a r t .  

The wheel r o t a t i o n  produced "dots" 

Figure 14 i s  a view of t h e  e n t i r e  ce l l  made with a AT of 37' F. and no 

v i b r a t i o n .  

v e l o c i t y  except i n  t h e  high v e l o c i t y  boundary areas where again t h e  f a s t  

moving p a r t i c l e s  y i e lded  b lu r red  images. 

Flow l i n e s  may b e  observed where t h e r e  is  a n  appreciable  f l u i d  
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